Photolyases and cryptochrome blue-light photoreceptors are evolutionarily related flavoproteins that perform distinct functions. Photolyases repair UV-damaged DNA in many species from bacteria to plants and animals. Cryptochromes regulate growth and development in plants and the circadian clock in animals. Recently, a new branch of the photolyase͞cryptochrome family was identified. Members of this branch exhibited no or trace levels of DNA repair activity in vivo and in vitro and, therefore, were considered to be cryptochromes, and they were named cryptochrome-DASH. Here, we show that Cry-DASH proteins from bacterial, plant, and animal sources actually are photolyases with high degree of specificity for cyclobutane pyrimidine dimers in ssDNA.
Photolyases and cryptochrome blue-light photoreceptors are evolutionarily related flavoproteins that perform distinct functions. Photolyases repair UV-damaged DNA in many species from bacteria to plants and animals. Cryptochromes regulate growth and development in plants and the circadian clock in animals. Recently, a new branch of the photolyase͞cryptochrome family was identified. Members of this branch exhibited no or trace levels of DNA repair activity in vivo and in vitro and, therefore, were considered to be cryptochromes, and they were named cryptochrome-DASH. Here, we show that Cry-DASH proteins from bacterial, plant, and animal sources actually are photolyases with high degree of specificity for cyclobutane pyrimidine dimers in ssDNA.
circadian clock ͉ DNA repair ͉ photoreception C ryptochromes are defined as proteins with a high degree of sequence homology to DNA photolyase but with no DNA repair activity (1) (2) (3) . Cryptochromes first were discovered in plants and shown to mediate blue-light-dependent growth and development (4, 5) . Subsequently, cryptochromes were found in animals, where they regulate the circadian clock by lightdependent and light-independent mechanisms (6) (7) (8) . Most recently, members of the photolyase͞cryptochrome family were found in the cyanobacterium Synechocystis sp. PCC6803 (9, 10) , and in Vibrio cholerae (11) , organisms which both also possess a bona fide photolyase, which repairs cyclobutane pyrimidine dimers in DNA in a light-dependent reaction. Genetic and biochemical analyses revealed that the proteins encoded by these photolyase͞cryptochrome family genes had no or very marginal repair activities and hence these proteins were considered to be bacterial cryptochromes (9) (10) (11) . Subsequent work revealed that these bacterial cryptochromes have sequence homologs in Arabidopsis thaliana (12) , in Xenopus laevis, and in several other species (13) . The entire branch was named CryptochromeDrosophila, Arabidopsis, Synechocystis, Human (Cry-DASH) to indicate that members of the branch that included Arabidopsis cryptochrome 3 (AtCry3) and Synechocystis sp. PCC6803 cryptochrome had higher sequence homology to Drosophila and Human cryptochromes than bacterial photolyases (13) . Most recently, it was reported that some Cry-DASH proteins may have residual photolyase activity (14) , and this was considered to be an evolutionary relic.
Results and Discussion
Vibrio cholerae contains three members of the photolyase͞ cryptochrome family (15) . Both genetic and biochemical analyses indicate that one of these, named VcPhr, is a bona fide cyclobutane pyrimidine dimer photolyase; the other two had no demonstrable photolyase activity and, thus, were designated cryptochromes, VcCry1 and VcCry2 (11) . We were interested in VcCry1 for two reasons. First, it is a member of the Cry-DASH branch which was reported to have transcriptional regulatory activity and residual photolyase activity (9, 13) . Second, VcCry1 is unique among the photolyases and cryptochromes characterized to date in that it appears to have high affinity for RNA (11) . We reasoned that VcCry1 might be an RNA-specific photolyase with some residual activity toward DNA, in contrast to conventional photolyase, which, in addition to its primary DNA repair activity, exhibits very weak RNA repair capacity (16) . To test for RNA repair activity we used UV-irradiated poly (rU) as substrate and UV-irradiated poly (dU) as a negative control. Unexpectedly, with these substrates, VcCry1 demonstrated essentially the same activity as the photolyase VcPhr (16), repairing photodimers in the deoxyribonucleotide homopolymers poly dU (UϽϾU, uracil cyclobutane dimer) ( Fig. 1 ) and poly dT(TϽϾT) (data not shown) much more efficiently than the dimers in the ribopolynucleotide homopolymer (Fig. 1) .
Previously we failed to detect photolyase activity in VcCry1 by using as substrate an oligonucleotide duplex containing a single cyclobutane thymine dimer (TϽϾT) (11) . We reasoned that the repair activity of VcCry1 that we detect here with pyrimidine cyclobutane dimer (PyrϽϾPyr)-containing poly (dU) and poly (dT) was due to unique features of the homopolymers. We noted that the homopolymers, which are repaired robustly, are singlestranded. Weak repair of uniquely modified oligonucleotide duplexes by Cry-DASH enzymes has been reported (14) , and could arise from repair of contaminating single-stranded substrate introduced in the preparation or storage of the duplexes. Hence, we tested both the single-and double-stranded forms of a 48-mer oligonucleotide containing a single TϽϾT as substrates for VcPhr and VcCry1. The results in Fig. 2 show that whereas photolyase demonstrates some preference for single-stranded over double-stranded substrates, in agreement with previous reports (17, 18) , VcCry1 unequivocally repairs the dimer but only in ssDNA. Furthermore, the other Cry-DASH proteins from plant (AtCry3) and animal (XlCry-DASH) sources also demonstrated photoreactivation specifically toward ssDNA. In contrast, AtCry1 and BsUvrC had no detectable photorepair activity under any condition. AtCry1 is known to be a blue-light photoreceptor involved in the growth and development of Arabidopsis, and exhibits remarkable structural similarity to photolyase and the so called Cry-DASH branch of the photolyase͞ cryptochrome family (19) . BsUvrC, a negative control, was selected for testing as a generic MBP fusion protein based upon availability.
Electrophoretic mobility shift assays were conducted to examine the binding of Cry-DASH enzymes to the TϽϾT in ssand dsDNA. The results, in Fig. 3 , show that dimer-specific binding parallels repair. Thus, the Cry-DASH enzymes fail to appreciably bind to or repair the dimer in dsDNA, but robustly bind to and repair the same dimer in ssDNA Next, we examined whether VcCry1 in particular and Cry-DASH enzymes in general contribute to photoreactivation in vivo. In fact, we previously reported that null mutation of VcPhr abolished photoreactivation in V. cholerae under the experimental conditions used in our study (11) . Having found that VcCry1 does have a potent photolyase activity toward ssDNA, we reasoned that by using a more sensitive assay we might be able to detect the contribution of VcCry1 to biological photoreactivation. To this end, E. coli strain UNC523 (uvrA Ϫ phr Ϫ ), transformed with plasmids expressing MBP, MBPVcCry1, or MBPVcPhr at high levels, was exposed first to 254 nm light and then to photoreactivating light for various times. The photoresponses shown in Fig. 4 indicate that VcCry1 mediates photoreactivation in vivo at a rate that is Ͻ0.3% the rate seen with VcPhr. The in vivo photorepair mediated by VcCry1 may result from the actual repair of dimers in dsDNA, or from repair in regions of the supercoiled genomic DNA which transiently assume single-stranded character in the vicinity of the damage. In any event, the observed photorepair reinforces the notion that VcCry1 contributes very little, if any, to repair of genomic DNA.
Next, we tested VcCry1 for its ability to restore the biological activity of single-and double-stranded plasmid DNAs that were inactivated with UV. Plasmids were irradiated with 254 nm to produce five to six photoproducts per molecule, 70-90% of which are cyclobutane pyrimidine dimers and hence are substrates for photolyase. The irradiated plasmids were mixed with VcPhr or VcCry1, exposed to photoreactivating light, and then transformed into a nucleotide excision repair deficient strain of E. coli. From the transformation efficiency, the level of repair at various enzyme concentrations was calculated (20) . As seen in Fig. 5 , the conventional photolyase, VcPhr, repaired ssDNA and dsDNA with comparable efficiencies. VcCry1, as expected, was very inefficient in repairing the supercoiled dsDNA, repairing it with Ϸ0.1% the efficiency of VcPhr. However, VcCry1 was essentially as active on ssDNA as VcPhr. We suggest that this activity is of biological relevance: lateral gene transfer has played an important role in evolution and some of this transfer may be in the form of ssDNA viruses or free ssDNA. The ssDNA photolyase family may contribute to this process by repairing the ssDNA that has been damaged by UV in transit.
In conclusion, we define a new class of photolyases with specificity for cyclobutane pyrimidine dimers in ssDNA. These enzymes, which are found in bacteria, plants, and animals, and were previously designated Cry-DASH, because of the lack of significant photorepair activity on dsDNA, should be reclassified as ssDNA photolyases. It should be noted, however, that this classification does not necessarily exclude an additional nonrepair function for ssDNA photolyases, as indeed even some conventional photolyases have both repair and transcriptional regulatory functions (21) . With regard to single-strand specificity of this class of enzymes, it must be noted that both biochemical (17) and crystallographic (22, 23) data indicate that conventional photolyases make most of their contacts with the damaged strand and the contacts with the undamaged strand are mostly van der Waals contacts of secondary importance. It appears that this preference for the damaged strand is amplified in this new family of photolyases by the presence of amino acid residues in the binding groove that clash with the phosphodiester backbone or the bases of the complementary strand. The accompanying paper by Deisenhoffer and coworkers (24) presents the structural basis for the single-strand preference for these enzymes.
Materials and Methods
Strains, Plasmids, and Phage. E. coli K-12 strain UNC523 (uvrA::Tn10 phr::kan) was used (25) . E. coli C strain CA1 (uvrA::Tn10) was constructed by transduction with phage P1 by using UNC523 as the donor. Plasmids include the vector pMal-c2 (New England Biolabs, Beverly, MA) and plasmids encoding MBP-VcPhr (pUNC2001) and MBP-VcCry1 (pUNC2002) described in ref. 11. We also used plasmids encoding the X. laevis Cry-DASH (pMalXL), the A. thaliana Cry3 (pMalAtC3), and B. subtilis UvrC (pMalUvrC) as MBP fusion proteins.
Proteins. AtCry1 purified from insect cells and active in autophosphorylation assays was provided by S. Ö zgür (26, 27) . It possesses a polyhistidine tag and was purified from insect cells by nickel affinity chromatography. MBP fusion proteins were purified according to the manufacturer's recommendations (New England Biolabs). Specifically, transformed UNC523 was grown in 6 ϫ 1-liter batches at room temperature. IPTG was added to 0.3 mM at an OD 600 of 0.6, and growth continued overnight. Cell pellets were washed and resuspended in 6 ϫ 20 ml of column buffer (20 mM Tris, pH 7.4͞200 mM NaCl͞1 mM EDTA͞10 mM 2-mercaptoethanol) and then frozen. Thawed suspensions were sonicated and pelleted. Supernatants were applied to columns containing 20 ml of amylose resin (New England Biolabs). Columns were washed with 10 volumes of column buffer and then eluted with 10 mM maltose in column buffer. Fractions were analyzed on polyacrylamide gels, pooled, and dialyzed against 50 mM Tris, pH 7.5͞100 mM NaCl͞1 mM EDTA͞5 mM DTT͞50% glycerol. Purified proteins were denatured by incubation at 60°C, and then absorbance at 450 nm was used to determine flavin concentration. The concentrations of flavoenzymes given in this work represent the concentration of flavin-containing protein. The UvrC concentration is based on comparison with known quantities of BSA that were separated alongside UvrC on SDS-polyacrylamide gels stained with Coomassie blue.
Assays. Photoreactivation of homopolymeric substrates. Substrate materials included poly (rU) from Sigma, poly (dU) from Midland Certified Reagent Co. (Midland, TX), and poly (dT) from GE Healthcare (Piscataway, NJ). Acetone-sensitized generation and quantitation of poly rU(UϽϾU), poly dU(UϽϾU), and poly dT(TϽϾT) were as described (16). Repair of cyclobutane pyrimidine dimers in poly dU(UϽϾU) and poly rU(UϽϾU). VcPhr or VcCry1 at a 100 nM concentration were mixed with a 100 M concentration of rUϽϾrU or dUϽϾdU in the corresponding nucleotide polymers and exposed to photoreactivating light for the indicated time periods. The level of repair was determined from the increase in absorbance at 260 nm (16) . E, VcPhr with poly dU(UϽϾU) substrate; F, VcCry1 with poly dU(UϽϾU) substrate. ‚, VcPhr with poly rU(UϽϾU) substrate; OE, VcCry1 with poly rU(UϽϾU) substrate. Error bars denote SDs where they are larger than the symbols.
Photoreactivation buffer was 50 mM Tris (pH 7.5), 100 mM NaCl, 1 mM EDTA, and 10 mM DTT. Proteins at 100 nM each were incubated with a 100 M concentration of pyrimidine dimer for 30 min and then exposed to 366 nm photoreactivating light, 2.4 mW͞cm 2 , from two black lights (F15T8-BLB; General Electric), filtered through one plate of glass. Binding and photoreactivation were done on ice. After photoreactivation, samples were diluted 1:10 in water, and the level of repair was measured by absorbance change at 260 nm (16) .
Photoreactivation of oligonucleotide with a single cyclobutane thymine dimer (T<>T).
The DNA substrate was synthesized from a dimercontaining 12-mer (GCGAATϽϾTAAGCG; Phoenix BioTech- Fig. 2 . Repair of a cyclobutane thymine dimer (TϽϾT) in ss-and dsDNAs by photolyase and Cry-DASH family enzymes. (A and B) A 48-nt-long radiolabeled oligomer with a TϽϾT in the TTAA sequence (MseI recognition site) in the center, in single-stranded (A) or double-stranded (B) form, was mixed with the appropriate enzyme and exposed to photoreactivating light as indicated. The level of repair was determined by the susceptibility of the DNA to cleavage by MseI endonuclease. Single-stranded repair products were annealed with the complementary strand before digestion with MseI. The reaction products were separated on 5% polyacrylamide gels. Shown are autoradiograms of representative gels. Photolyase from Vibrio cholerae (VcPhr) was used as a positive control, and UvrC from Bacillus subtilis (UvrC) was used as a negative control. AtCry3, A. thaliana Cry-DASH; XlCry, Xenopus laevis Cry-DASH; VcCry1, V. cholerae Cry-DASH; AtCry1, A. thaliana cryptochrome blue-light photoreceptor. The substrate concentration was 0.27 nM, and the enzymes were at a concentration of 100 nM. Photoreactivation was for 2 h. (C-G) Repair of cyclobutane thymine dimer as a function of enzyme concentration for VcPhr (C), VcCry1 (D), XlCry (E), AtCry3 (F), and AtCry1 (G). Substrate at 0.27 nM was incubated with the indicated concentrations of enzymes and subjected to photoreactivating light for 2 h. F, ssDNA; OE, dsDNA. Error bars denote standard deviations where they are larger than the symbols. Fig. 3 . Binding of VcPhr and Cry-DASH enzymes to a cyclobutane thymine dimer. A radiolabeled 48-mer, either unmodified (U) or modified (M) to contain a cyclobutane thymine dimer, was prepared in a single-stranded (A) or double-stranded (B) form. Substrates were incubated with the enzymes shown, and then the bound and free DNAs were separated with 5% polyacrylamide gels. Note that weak, apparent binding of AtCry3 and Xl-DASH to the dimer in dsDNA likely results from binding to contaminating ssDNA substrate as indicated by the loss of free ssDNA in lanes 16 and 18.
nologies, Huntsville, AL), two arm oligomers of 18-nucleotides each, and a complementary 48-mer (GACGCAGATCTAC-GAATTCGCTTAATTCGCTGCACCGGATCCCGCTAG; Lineberger Nucleic Acids Core Facility, University of North Carolina), as described (6) . Briefly, the oligonucleotides were phosphorylated, and the 12-mer was labeled with 32 P. After annealing, ligation, and incubation with MseI (to eliminate the small fraction of substrate free of dimer), the 48-mer radiolabeled product was purified through a denaturing polyacrylamide gel.
Care was taken in preparing substrates for these experiments to minimize contamination of double-stranded labeled substrate with single-stranded labeled substrate. Toward this end, to make doublestranded substrate, the gel-purified radiolabeled strand at 5.3 nM was mixed with the unlabeled 48-mer complementary strand at 530 nM before annealing. To anneal, the DNAs were heated to 95°C and then cooled slowly. To make single-stranded substrate, the gel-purified material was heated to 95°C for 5 minutes, cooled on ice, and then the 100-fold excess of unlabeled 48-mer complementary strand was added so as to have identical DNA concentrations in both the ssDNA and dsDNA substrates. Photoreactivation buffer was as described for experiments with the homopolymers, except BSA was added to 100 g͞ml. Reactions contained radiolabeled substrate at 0.28 nM and the indicated enzyme concentrations. Binding and photoreactivation conditions were as described for the homopolymers. Reaction products were extracted with phenol, precipitated with ethanol, and resuspended in 10 mM Tris, pH 7.9͞50 mM NaCl͞10 mM MgCl 2 ͞1 mM DTT, with the labeled DNA strand at 0.14 nM. The complementary 48-mer was added to 175 nM. The DNA was annealed and then digested with MseI (10 units per reaction) after adding BSA to 100 g͞ml. Products were analyzed on 8% polyacrylamide sequencing gels. Eletrophoretic mobility shift assay. The gel-purified, radiolabeled 48-mer was also used for gel shift assays. To make doublestranded substrate, the gel-purified 48-mer was mixed with an equimolar amount of the complementary strand 48-mer before annealing. To make single-strand substrate, the gel-purified, radiolabeled 48-mer was heated at 95°C for 5 minutes, cooled on ice, and then an equimolar amount of complementary strand 48-mer was added. Binding reactions included 15 mM Tris (pH 7.5), 20 mM NaCl, 5 mM DTT, 50 g͞ml BSA, and 2 nM radiolabeled substrate. Proteins were at 100 nM except VcCry1 which was at 3 M. Enzymes and substrates were mixed and incubated for 30 min on ice, and then protein-DNA binding was analyzed by separating products with nondenaturing 5% polyacrylamide gels in a buffer of 25 mM Tris, 25 mM borate, and 0.6 mM EDTA, pH 8.3. Gels were run in the dark at 4°C. Photoreactivation in vivo. Survival of E. coli UNC523 (phr Ϫ uvrA Ϫ ) expressing MBP, MBPVcPhr, or MBPVcCry1 was measured by using overnight cultures, which express these proteins at a level of Ϸ10,000 molecules per cell under these conditions, compared with Ϸ10 molecules of native photolyase per wild-type E. coli. Cells were collected by centrifugation, resuspended in PBS, and then diluted from Ϸ10 9 cells͞ml to 10 8 cells͞ml for irradiation. UV damage was produced with germicidal light, 8 J͞m 2 , delivered at a rate of 0.21 to 0.23 J⅐m Ϫ2 ⅐sec Ϫ1 . Cultures were then exposed, with mixing, to blacklight, Ϸ5 J⅐m Ϫ2 ⅐sec Ϫ1 , and samples were withdrawn at various time points. Samples of irradiated and unirradiated cultures were diluted and plated on LB agar and incubated in the dark at 37°C to allow surviving cells to grow into colonies. Survival was calculated as (colonies ϩ UV)͞(colonies Ϫ UV). UV produced Ϸ2 ϫ 10 Ϫ5 survival. Photoreactivation was calculated as (survival ϩ photoreactivation)͞(survival Ϫ photoreactivation). In each experiment, the maximum level of photoreactivation observed in the culture expressing VcPhr was given a value of 100%, and all of the other values within the experiment were divided by this value to give percent photoreactivation. (20) . The irradiated plasmids were incubated with VcPhr or VcCry1 at the indicated concentrations, exposed to photoreactivating light for 2 h, and then used to transform E. coli strain CA1 (uvrA Ϫ ). From the number of transformants before and after light exposure, the percent dimers repaired by the photoenzyme was calculated (20) . F, single-stranded plasmid; OE, double-stranded plasmid. Data points are from a representative experiment. Note that some subtle differences exist between the repair of single-and double-stranded plasmid DNA in relation to the TϽϾT in the single-stranded and double-stranded oligomers (Fig. 2) . We presume that these differences reflect the heterogeneity of the photodimers in the plasmid substrates and the nature of the assays used to measure repair of the plasmids and the oligonucleotides.
Repair of ssDNA and dsDNA Plasmids by VcPhr and VcCry1. These assays were carried out essentially as described elsewhere (20) . We used pPU192 (28) isolated in single-stranded form after superinfection with M13 helper phage, and the supercoiled, double-stranded pGL3 promoter vector (Promega, Madison, WI). Plasmids were irradiated with 400 J⅐m Ϫ2 (single-stranded) or 300 J⅐m Ϫ2 (doublestranded) 254 nm light. VcPhr or VcCry1 at the indicated concentrations were incubated with plasmid at 150 ng͞l in 50 mM Tris, pH 7.5͞10 mM NaCl͞1 mM EDTA͞10 mM DTT. Binding and photoreactivation were as described for experiments with homopolymeric substrates, with photoreactivation lasting 2 h.
E. coli CA1 competent cells were then transformed, and appropriate dilutions of transformed cells were plated on media containing 200 g⅐ml Ϫ1 ampicillin. Transformant colonies were counted, and quantitation was as described (20) .
